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I. INTRODUCTION 

Hadron states that do not fit into the constituent quark model have been studied widely in the past several decades. 
In recent years, the discovery of a number of unexpected exotic resonances such as the so called XYZ mesons has 
revitalized the research of the existence of unconventional hadron states and their nature. 

Theoretically, Quantum Chromodynamics (QCD), the fundamental theory of the strong interaction, may allow a 
far richer spectrum than the conventional quark model. Fox example, hybrids {qqg, ■■■)■, glueballs {gg, ggg, • • •), and 
multi-quark states {qqqq, qqqqq, ■■■) may not be prohibited by QCD. Those with = 0 ,0“' ,1 '",2^ ,••• 

are called “exotic” states. They have attracted much interest because they are not allowed by the constituent quark 
model and do not mix with the ordinary mesons. 

Evidence of exotic mesons with = 1 e.g. 7ri(1400) [I|, 7ri(1600) 0, have emerged in the last few years. 
They are usually considered as candidates of hybrid mesons and have been studied extensively in various frameworks 
such as QCD sum rules, lattice QCD, AdS/QCD, the flux tube modek etc. The masses and decay properties of the 
1 ^ states have been studied in the framework of QCD sum rules [3, Q- 

Based on the accumulated evidence of these light hybrid mesons, it is plausible to assume the existence of heavy 
quarkonium hybrids (QQg) and heavy hybrid mesons containing one heavy quark {qQg) which may be not exotic. 
Govaerts et al. have studied these states in several works In Q, the masses of QQg were calculated at the leading 
order of heavy quark effective theory (HQET) Q. In the masses of qQg and their pionic couplings to ordinary 
heavy mesons were calculated. 

In the heavy quark limit, the binding energy and the pionic couplings of qQg to qQ were worked out in a by 
Shifman-Vainshtein-Zakharov (SVZ) sum rules M- HQET describes the large mass (mg) asymptotics. At the 
leading order of this theory, the Lagrangian is endowed with the heavy quark flavor-spin symmetry, and the spectrum 
of qQ consists of degenerate doublets. The components of a doublet share the same ji, the angular momentum of the 
light degrees of freedom. For example, we denote the doublet (0“, 1“) as H, which consists of two ji = i S-wave qQ. 
Similarly, the P-wave doublets (0+, l+)/(l''", 2+) are denoted as S/T and the D-wave doublets (1“, 2“)/(2“, 3“) as 
M/N. We denote the two ji = ^ qQg doublets with parity P = + and P = — as and H^, respectively. Similarly, 
we use and to denote the two ji = | doublets with positive parity and negative parity, respectively. 

In this work, we adopt the light-cone QCD sum rules (LCQSR) approach [ll| to investigate the p meson couplings 
between qQg and qQ. We derive the sum rules for the p meson couplings between doublets and D {D = H/S/T/M) 
in Sec. 2. The numerical analysis is given in Sec. 3, followed by a brief conclusion in Sec. 4. The details of the partial 
amplitudes of these p decay channels are presented in Appendix A. The light-cone wave functions of the p meson 
involved in our calculation are listed in Appendix B. 
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II. p MESON COUPLINGS 


The interpolating currents for and adopted in our calculation can be written as 




jjjh = y' ■ Gq, 

= )J^hyigsl^crt ■ Gq , 


Jlfh - Kg. 


g, 


= \l\Kgsi5 


GT^lplT + ■ G 


-lO(20 ..Cti 


( 1 ) 


where Gap = G^p\^ 12 and K{x) = The subscript t means that the corresponding Lorentz tensor 

is perpendicular to v, the 4-velocity of the heavy quark. . For any asymmetric tensor 

we may define 




"Va)v° 


( 2 ) 


2=1 


We define the overlapping amplitudes between the these interpolating currents and the corresponding hybrids as 

(0|J^.(0)|i?o"(n)) = Jh. , 

(0|J“.(0)|Frf(n,A)) = /^.r7“j.(r;,A), 

(0|J“.(0)|Myn,A)) = 

(0|j;^;M0)|M'‘(r;,A)) =/M.r;;^r(«,A), (3) 

where g{v, A) denotes the polarization of the heavy hybrid. These symmetric traceless tensors are perpendicular to 
n, namely riaa 2 ---a„v°‘ = 0 . 

We obtain the interpolating currents for the doublets and by simply inserting 75 into the currents in Eq. O: 


/t _ 

'Jqh — 


rta _ 


hyigt ' Gq , 
Kigsl5lt<xt ■ Gq, 


= Kgsib 


30^7/3+ *7r^fG 




j\ctlCt2 
^ '~ph 
X o 


3 t 


~ \l 2 ^'“5® 


GT^ipit^+Gr^jp^r - • g 


q- 


( 4 ) 


The corresponding overlapping amplitudes and projection operators can be defined similarly to Eq. ©■ 
The interpolating currents for qQ doublets H and S read: 


Jk = 


J'h" = 


4 . = 


4r = 


Kjbq, 

KiTg : 

Kq, 

KiTi^q ■ 


( 5 ) 
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The amplitudes between the ordinary heavy mesons and the states created by these currents acting on the vacuum 
state are 


{0\JHomHoiv)) = fHo . 

{0\J^^{0)\H,{v,X)) = 
{0\Js„mSo{v)) = fs„, 

{0\JimSi{v,X))=fs,e^sA^,X)- 


( 6 ) 


Here we outline the deduction of the sum rules for and where p is the orbital angular momentum 

of the p meson, the superscript ‘0’ and ‘1’ are the total angular momentum of the p meson. We define g^hj^^p and 
term of the decay amplitude of the process Hi + p: 


Hi+p) = I\^{e* ■ ptW ■ qt) - (e* ■ e*t){g ■ + -^(e* ■ qtW ■ Vt)gHhH, 


„p 0 


(7) 


where ry, e* and e* are the polarization of H^, Hi and p, respectively, and q denotes the momentum of the p. For the 
charged p meson, / = 1, and I = 11^/2 if the final p meson is neutral. 

We consider the following correlation function: 


* / dx e-^>^^p{q)\4^{Q)f^,{xm=I 


e* qt - qt ei 




where uj = 2k ■ v and ui' = 2(k — q) ■ v, and we have the following dispersion relation 


G- 

with 


/'OO nOO 




(si — w — ie){s 2 — uj' — ie) 




Si — oj — le Jq 




S2 — UJ' — le 


(9) 


S 2 ) — fHf^fng^^hfj^p^i.si — 2Afjh)6{s2 — 2 Kh) + • • • . 


( 10 ) 


The case of w') is similar. can be worked out by OPE near the light-cone when ui,ui' -C 0, 

and be formulated with the p meson light-cone wave functions 


= ~l I dtjva^ 


,it{^ui+^Lj') _ 


(g-v)3 


-2/pm’^5'(a) - 2/^ m^T(a)(g • v) -f /pm[6^>(a) -f 2T(a) -|- A{a)]{q ■ vy 


+2/p^[r(a) + 2ri(a) + 2 r 2 (a)](g • vf 




dt / Va — 


q • V 


fprrr[V{a)-\-A{a)] - 2fJm[Ti{a) - 72 (a) + S{a)]{q • v) - 2fp[V{a) + A{a)]{q • vf 


( 11 ) 


in which u = a 2 + and u = 1 — u. 

The double Borel transformation eliminates the terms on the right side of Eq. except the first one 

which is a double dispersion relation. Now we arrive at 

= Wp|-i/pTO^Tl“^l - ^/JmpTl"^! - /pTOp[6$^"^](Mo) + 25f“^'(Mo) +-4["^1 (mo)] 


+ + 2r™(uo) + 2ri°‘(no)]r/o(^) 


[ 0 ], 


,0J, 


T 
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= rripl /pTOp[V[ il(uo) + ^'(wo)] + fIrnp[T}°\uo) - T^°\uo) + S'[°l(wo)]T/o(^) 


T 


-i/p[vWK) + ^W(«o)]rVi(y) 


with 


T = 


T 1 T 2 
T 1 + T 2 ' 


uo = 


Ti 


T 1 +T 2 


■, fnix) = l-e 


2=0 


( 12 ) 


(13) 


Here we employ functions fnix) to subtract the contribution of the continuum. 

jr[a 

*ls are defined as 

pUQ 

= / J'(uo, «2, Wo - ^ 2 ) , 

^0 

pPW(uo) = J-(uo,wo,0)- Prf^^S-«2-a3,a2,a3) 

^0 




dT{l - a2,Q!2,0) 


da2 

pi pl — O'2 


das 

dT{uo - a3,uo,as) 


OC 3 —U 0 —OC 2 


das 


fUo a 2 -as,a 2 .,as) 

da.2 - 


a3=0 

nUQ nUQ—OL2 


dal 


<y. 3 —UQ— 0(.2 


pi P 1 — OL2 PUq pUq—Cx .2 

- a2-az,a2,az)dazda2- / / - a2 - az,a2,az)dazda2 , 

Jo Jo Jo Jo 

^1 —0:2 POL3 pUq pUQ—a 2 POL3 

*F^“^^(uo) = / / / F{1 — a2 — x^a2^x)dxdazda2 — / / / F{1 — a2 — x^a2^x)dxdazda2 

Jo Jo Jo Jo Jo Jo 


1 pl—a2 


-Uo 


J^(l — a2 — as, a2, as)dasda2 ■ 


(14) 


0 Jo 


Using the above mentioned method, we obtain the sum rules of other p meson coupling constants as follows. Their 
definitions are presented in Appendix A. 

^ — 2uQK„h IT—2uQKsjT 


fH>^fs9Hhg_^pe 

= ^»T^p|^/pmp[44’-2$-2$-y4]^"2^ 


+ 4/Jm3[rt-il(wo) - 2ri'"''(uo) + 2r2'"''(uo) - 2ri"''(uo) + ^'"'k^o)] 

+ /pm^[-4V[°l(^o) - 44 >M(wo) + 2$M(^^o) + 2$M(wo) - 3^[°l(^o)] 

- /p^mp[rW(^^o) + 4r™(«o) + 27i^\uo) - 27j"\uo) - 25W(«o)]rVi(^) - /p[V''k«o) + 


f p "^PV 

fn'^ /T- 2 . 0 AS/T 

= ^"ip|/p"ip[4$ - 2$ - 2$ - 

+ 8fJmp[T^-^\uo) + tI-^\uo) + 2Tt"\uo) + Tt"\uo) + 5[-il(uo)] + 4/p[v[°l(^^o) + A^°\uo)]T foi"^) 
= ■^^rnpi^2fpml[A'^~^'^{uo) - 2V["^k^o)] 

- 2/Jmp[r2'°k«o) - Uk«o) + 25[°l(«o)]r/o(^) - /p[4"K) - 2 VW(«o)]TVi(^)} , 

= -^mp|4/pm4{-3> - 2/Jm3T^-2} - 4fpml[A^-^^{uo) - 4$[-il(«o)] 
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+ 4/Jmp[r[°i(«o) + 5r™K) + ^rl°\uo)]Tfo(^) + 6/p^W(uo)rVi(Y)|, 

= ^mp|/pm4[2$ + 2$ + 2$ + ^]{-2} 

+ 4/p^"ip[T'-^kwo) - 2ri'-''(wo) + 2rJ-''(uo) - 2rt^\uo) - 2S^-^\uo)] 

- 2/pm2[2V[°lK) + 2 $M(wo) + 2$[°l(uo) + 2$[°l(uo) - 3^1°^(wo)]T/o(^) 

- /p^mp[rW(uo) + 4rl^\uo) + 2r2™K) - 2r^\u^) + 45W(uo)]r2/i(^) - /pivt^'K) - 2A^\u^)]t^ h(^)^ , 

/m-^ /s5m. s,pe-'^°^“'‘ As/t 

= -^mp|/pm2[24> + 2$ + 2$ + 

+ 4/Jmp[r[-^](«o) + 2ri'"''K) + 2rt^\u^) + - 25[-il(wo)] + 2 /p[vM(mo) - 2^[o1(wo)]T/o(^)| , 

= ^Wp|2/Jmp[r/”^'(Mo) +7 ;'”^'(mo)] + /pV[°'(wo)T/o(^^)|, 

= -imp|i/pm4[4$ - 2$ - 2^ - 

- 4/jm3[rt-''(«o) - 2ri'-''(«o) + 2r2'-''K) - 2ri“''(uo) + 

+ /pm2[-4V[°lK) - 4 $M(mo) + 2$M(mo) + 2^M(mo) - 3^MK)]T/o(^) 

+ /p^™p[rW(uo) + 4ri™(wo) + 2r2™(wo) - 2r4™K) - 25 W(uo)]tVi(y) - /pIv'^^K) + ^['1k)]tV2(y)| , 
= -imp|/pm2[4$ - 2$ - 2$ - 

- 8/Jmp[rt-iiK) + rit“''(uo) + 2r2'"''(Mo) + ri"''K) + 5I-11K)] + 4 /p[vMk) + ^^°'K)]r/o(^^)|, 

= - ^/JwpT^"^^ +/pmp[6$["^i(wo) + 2$["^1 (mq) + (mq)] 

+ /p^[r'°iK) + 2r™(z.o) + 2r2™(uo)]r/o(^^)|, 

= -TOp|/pm^[V["^'(Mo) +^'"^'(mo)] - /Jmp[T[^°'(uo) - 7^'°'(uo) + S'^°\uo)\Tfai^) 

-^/p[vWK) + ^W(«o)]rVi(Y)}> 
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= + 2 $ + 2 $ + 

- 4/Jm3[r[-^iK) - 2r/"''(wo) + ‘2rt^\u^) - nt^\uo) - 2 ^ 1 - 1 ] k)] 

- 2/pm2[2V[°lK) + 2$[°l(wo) + 2$[°l(uo) + 2$[°l(uo) - 3 ^MK)]T/o(^) 

+ /p^mp[rWK) + 4rW(uo) + 2r™(«o) - 2r^\u^) + AS^^\u^)]T^ h(^) - fp[V^^\u^) - 2 A^\u^)]T^ f2(^)^ , 
fT>^ /ff 

= -^TOp|/pm2[2$ + 2$ + 2$ + 

- 4/Jmp[r[-^lK) + 2ri'-''(wo) + 2r2'-''(uo) + - 25[-il(wo)] + 2/p[V[°lK) - 2^[°1 (wo)]T/o(^)| , 

fT>^fHgfHH,pe-^"'^'^THlT-2uoAn/T 

= ^Wp|2/Jmp[r/"^'(Mo) +7 ;'”^'(mo)] - /pV[°l(Mo)'r/o(Y)| > 

= -^^"ip|2/pTOp[^'”^'(wo) - 2V["^'(uo)] 

+ 2 /Jmp[r™K) - r'°'K) + 25 Mk)]t/o(^) - /p[4'K) - 2vWK)]rVi(Y)} > 

- 4/Jmp[rMK) + 5rf'(«o) + 5r™(wo)]r/o(^) + 6/p^WK)rVi(Y)|, 

= ^”^p|2/p™p5^"^^ - fJrUpT^-^'^ + 8/p^["^](mo)| • (15) 

III. NUMERICAL ANALYSIS 

The parameters in the distribution amplitudes of the p meson take their values from [T^ . In this work, we take the 
values with ^ = 1 GeV, realizing that the heavy quark behaves almost as a spectator of the decay processes in our 
discussion at the leading order of HQET: 

/J[MeV] /p-^[MeV] a| c|p ^Ip ^Ip ^^Sp Cl ^4 Ci- Ci 

216(3) 165(9) 0.15(7) 0.14(6) 0.030(10) -0.09(3) 0.15(5) 0.55(25) 0.07(3) -0.03(1) -0.03(5) -0.08(5) 


For the mass sum rules of H and S, the working region of the Borel parameter T is about 0.8 < T < 1.1 GeV [l3l| . 
which is in the vicinity of that of the mass sum rules for {D = H/S/M(T) Q. So we choose mq = 1/2 in our 
calculation. The continuum contribution can be subtracted cleanly with this choice. Asymmetric choice of mqi on the 
other hand, would result in a fuzzy continuum substruction 0- _ 

The binding energy and the overlapping amplitudes of doublets H/S [l^ and /T^ @ involved in our 

numerical analysis are as follows. 

The working region of T is determined by the insensitivity of the coupling constant to the variation of T and by the 
requirement that the pole contribution should be not less than 40%, We display the sum rules for these p couplings 
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H 

S 


gh/Th 

A [GeV] 

/ 

0.50 

0.25 GeV®/^ 

1.15 

0.40 GeV^/^ 

2.0 

1.1 GeV'^/^ 

2.5 

1.6 GeV^/^ 


with w' = 2.8, 3.0, 3.2 GeV in Fig. [TJ 




FIG. 1: The sum rules for (a) and (b) with continuum threshold w' = 2.8,3.0,3.2 GeV. 


The following relations arise naturally in our calculation 


pO _ pO _ pO 

9h>'Hp = Sh^Hxp ~ ~9h’}Hop ’ 

pi _ pi _ pi _ pi 

9h><-Hp = 9h'iHip ~ 9h^Hop ~ ^h^h^p ’ 

s 1 s 1 s 1 si 

dHi'Sp = dn’lSip = ShI^Sip = 9h!^SoP ’ 
dl — dl _ dl _ dl 

9h^Sp = 9h^Sip ~ 9h^Sip ~ 9h^Sqp ’ 


pi _ pi 


1 


,pl 


V6 


,pl 


9m>^Hp — 9m^Hip 2^^i^op 3 ^m^Hip' 

p2 

2 ^M^Hop ’ ~^M^Hip ■ 

„/2 _ 

M^Hip ■ 


p2 = P2 _ p2 _ _ /F p2 

dM'^Hp — 9 m^Hip ~ 9 9M^Hcr: ~ ^9 m. 


/2 _ /2 f2 /2 

9m’'Hp — 9m^Hip ~ 2 9m^Hop ~ ^^9Mb 


_ _ 1 si _ si 

9mi^Sp = 9m^Sip ~ ~29m^Sop ~ ~9m^Sip ’ 


..si_si 


^dl _ ^dl 


1 


dl 


V6 


dl 


'9 Mils 


IP ■ 


9m>^Sp — 9m^Sip ~ 2^MiSop 

d2 ^ d2 - ^„d2 _ ^/a„d2 

9 m><-Sp — 9 m’^Sip ~ 2 ^^2 Sop ~ ^ ^ 9 m^Sip ’ 

s 1 si si si 

9sf'Hp = 9shHip = ~9sI;Hip = 9s'^Hop ’ 
dl _ dl _ _„dl _ dl 
9s''Hp — 9s’lHip — 9shHip — 9 s’IHop ’ 

pO _ pO _ pO 

9s^Sp — ^S^Sip ~ 9s^Sop ’ 

pi _ pi _ pi _ pi 

Ssf'Sp = ^sfSip “ 9shSop ~ ~9sl}Sip ’ 

„sl_si _ 1 „sl V6 

.si 

9t’'Hp — 9t^Hip ~ 2^'^^diop ~ 3 9t^Hip ■ 

dl ^ dl _ _l„dl _ _l^„dl 

ST'^Hp — ST^Hip ~ 2^'^idloP ~ 3 9t^Hip ' 









(16) 


d2 ^ d2 - _^„d2 _ _^/G„d2 

yr'^Hp — yr^Hip ~ 2 ^T^Hop~ 


nPl 


oPl — 


,Pl _ 


76 


,pi 


3 ^Tj'Sip’ 


drf'Sp — ^T^Sip 2^'^i^op 

„p2 ^ p2 _ _:)(^„p2 _ ^ p2 

dri^Sp — 9 t^Sip 2 ^'^2 Sop 


76 


/2 _ /2 vO f2 /F /2 

5t'*Sp — ^T^Sip ~ 2 ^T^Sqp ~ 


Sip ' 


These simple proportional relations among the obtained couplings result from the heavy quark flavor-spin symmetry. 
They also justify our construction of the interpolating currents for heavy hybrid mesons. The spin of the interpolating 
currents can be deduced from the symmetry of their Lorentz indices. The P parity can be obtained directly from 
the P-transformation property of these currents. The tensor structure of the correlation functions considered above 
verifies their quantum numbers. For example, if the quantum number of = /i^gs75[3G“^7^ -I- ■ G\q 

is not I"*", the tensor structure of the correlation function 


i j dx e *'= "^(p(g)|J^^(0)J.])^(a:)|0) 


(17) 


cannot include (only) si, dl and d2. 

Furthermore, if -I- A j 1“ (A ^ 0), where and jl“ are pure interpolating currents with ji =3/2 and 

-^10 -^10 *^10 
ji = 1/2, respectively, we have 


and 


dx 


e-*''-(p(g)l4^(0)4“(x)|0) = + 


e“^«"(e*-qt)-^e' 


Oij3e* V 2 


g: 


dl 


+ I 








* / dxe-*'=-“(p(g)|J7(0)jTn7|0) = /e 


fa 


ot^e* V ^sl 

^Si^Hip 


g: 


d2 


Ti\Hip’ 


• gt) - 

o 


Ti^Hip 


^dl 


dxe-*'=-"(p(g)|Jff„(0)4“(x)|0) = lerCf^l 


Tfij^oP 


dxe-*'=-(p(g)|Jff„(0)4“(x)|0) = 


dTie* 

qne* 


■qt)-^erql 

■ Qt) - 


^dl 

'^T^gHoP^ 


Qdl 


S^gHop- 


Now let us focus on the si part. It is straightforward that 

l^sl _ ^sl 

'-’T^gHip - 

due to the heavy quark flavor-spin symmetry, therefore 

■ysl 


^sl 

^S’lgHlP 


- C2G'qh 


Sl 

Sfo^oP’ 


^T^Hip — '^l^T'ijffoP ^^‘^^S’lgHop^ 


G sl _ /^, 

rrh u ^ 


■sl 

_ sl 

T>'Hop - ^T^gHgp ^ ^'-^SfoHoP’ 
sl irisl _ r'sl 


AGf 


Cl _ - ^T^Hip/^T^Hgp - dr^Hip/dT^Hgp^ 

C2 = Gfh^Hip/^flgHgp = ^f’^Hip/^s\Hgp = d^iPip/^Sfffop- 


When G^hpr,„ is proportional to we have ci = C 2 , namely, 


T^Hip 


sl /sl sl /sl 

dT^Hip! dr^Hgp = 9 S>1 Hip! 9 S>lHap- 


This is inconsistent with the results (see Eq. (fTBll ) we just obtained: g^hfj^p/g^hu^p 7 gf^Hip/9f^Hop' implies 
4“ = 4“ . In other words, the interpolating current 4^ carries ji = 3/2. The J, P and ji quantum numbers of 
other interpolating currents can be verified in a similar way. 

The final values of these couplings are listed in Table ID In most channels they are rather small, which may be 
attributed to the fading of the gluon degree of freedom in the decay. 
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pO 

pi 

Sh^Sip 

o'*! 

Sh^Sip 

pi 

^M^Hip 

0^^ 

^M^Hip 

^M^Hip 

^M^Sip 

tlM^Sip 

d2 

"MfSip 

0.2 

0.5 

-1.0 

0.09 

0.12 

0.21 

-0.12 

-0.01 

0.02 

0.07 

ysfffip 

VSfffip 

pO 

^SfSip 

pi 

®SfSip 


yT^Hip 

d2 

yr^Hip 

pi 

®r(*Sip 

p2 

^T^Sip 

/2 

St^Sip 

1.4 

-0.4 

0.14 

-0.22 

-0.18 

0.09 

-0.09 

-0.02 

-0.15 

0.06 


TABLE I: The absolute values of the coupling constants. The units of the P-, D-wave and F-wave coupling 

constants are GeV“^, GeV“^ and GeV“^ respectively. 


IV. CONCLUSION 

At the heavy quark limit, we have constructed interpolating currents respecting the flavor-spin symmetry for qQg 
and qQ. With these currents, the p meson couplings between qQg and qQ have been worked out by means of LCQSR. 
The derived sum rules rely mildly on the Borel parameters in their working regions. The resulting coupling constants 
are rather small in most cases. 

The main error of our calculation originate from the inaccuracy of LCQSR: truncation of the OPE near the light- 
cone, the uncertainty of the parameters in the light-cone wave functions, the dependence of the coupling constant on 
the continuum threshold uic and the Borel parameter in the working region, the uncertainty of the binding energy A’s 
and the overlapping amplitudes /’s. As far as the charm quark is concerned, the Ijmg correction may be significant, 
while the correction from the finite mass of the bottom quark should be negligible. 

We hope that our calculation may be helpful to experimental searches for these heavy hybrid mesons and the 
understanding of their strong interaction with conventional heavy mesons. Moreover, the coupling constants calculated 
in our work might shed further light on the nature of the XYZ mesons. 
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Appendix A: The p decay amplitudes of heavy hybrid mesons 

The p decay amplitudes considered in the text are as follows. 

M{H^ ^ i?o + P) = I{e ■ 


M(iLf ^ iLi + p) = I{e* ■ qt)ie* • + I[ie* ■ mW ' Qt) - (e* ■ et){p ■ qt) 

1 


pi 


MiHS^S,+p) = I(e* + I 


(e*-qt)ie*-qt)--{e*-e*)qt 




9h^Sip’ 


M{H^^So + p) = I{e* ■T]t)gHhs^. + I {p ■ qt){e* ■ qt) - ■ pt)q‘t 


^dl 


9h^Sop’ 


MiH^ ^S^+p) = + I ""(e* • 9*) - 

M{M^^Ho + p) = 

M{M^ Hi+p) = li [{p ■ e*)(e* ■ qt) - (p • qt)(€* ■ e*)] g 




dl 


(Al) 

(A2) 

(A3) 

(A4) 

(A5) 

(A6) 

(A7) 

(AS) 


+Ii 


,pi 

M^Hip 


(p • <)(e* • qt) + (P ■ qt){e* ■ e*) - -(p • e*)(e* • qt) 


9? 


p2 

9M^Htp 


+Ii\ (p • qt)ie* ■ qt){e* ■ qt) - — [(p • e*t){e* ■ qt) + (p • )(e* ■ 9t) + (p ■ 9t)(e* ' 6*)] 


M{M^^Ho + p) = 2Rpa 


er^qr - ^gr^He* ■ qt) 


p2 

9m^Hop 


+Iipatc.^i^qt^qt%e* ' qt) - ^ ■ 9t) + 2et“'9t“"] > 


/2 

9M^Htp ’ 

(A9) 


(AlO) 


M{M2 Hi + p) — 2Ipaia2 ~S' 


(Tie qv *cx .2 


e qv 


-^gt 


pi 

9m^Hip 


(Tie e V 0.2 _|_ ^(Tie qv ^02 


“9r+£' 


p2 

9M^Htf. 


+2/p„,„J^^*«’'pr(e*-9t)- 


2 r 


5 L' 


cue qv *012 I „c(ie e v 012 
t Ct t qt 


/2 

9m^Hip ■ 


M{M^ ^ So+ p) 
M{M^ ^ Si+p) 


-f*(p-et)9MfSop + 7i 

+/ 

M{M^ ^So + p) = , 


{P ■ qt){.e* ■ qt) --(jq ■ e*t)ql 




9m^Sop ■ 


pe*e%^2 




r.dl 


9m^Sip 


(All) 

(A12) 


(A13) 

(A14) 
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^ Si+p) 


M{S’^^So + p) 
M{S^^Si+p) 
M{S^^So + p) 
M{S^^Si+p) 
M{S^^H^+p) 
M{S^^Ho + p) 
M{S^^Hi+p) 

Mix’ll H^+p) 
MiT'^ ^Hi+p) 

Mix'll So+ p) 
MIX^ ^ Si+p) 


M {X 2 —>■ Xfo + p) 
M{X^ ^Hi+p) 


M{X^ ^ So+ p) 


‘2Iipa\a2 
-\- ‘2Iipa^a2 


‘er--5r“^(e*-e:) 


9 m!} Si 


^<zr-o5r“^(e*-9t) 


(e* • qt) - 


<7? 


^er--gr“=(e*-e:) 




9m^Sip 


2 [er gr(e* • Qt) - q^qT^^* ' e?)] 


+ [er^qr - gr'^He* ■ ?,)] (e* • qt) - [erer^ - gr^^^e* ■ e;)] ^ 


■ '^‘)55sop’ 

I{e* ■ qt){e* ■ Vt)glls^p + I (e* • ? 7 t)(e* • g*) - (e* • )(7? • g*) gfhg^p 


I{e* ■ 4)g%\Hip + [(e* • 9t)[e* ■ qt) - -(e* • £?)??]5 §Hip> 


-f(e* • Vt)gs^Hop + I (9- qt){e* ■ qt) - x(e* • 77 *)% 5sj.ff„p 










-f(e* • gt)gThHop + ^ (^ • 9t)(e* • gt) - -(e* • ?7t)g? 


dl 

9T^Hap^ 


p2 

^T^Sip 


^ '’9^t-Hip + • <lt) - ge’’^ ^ 

+lY>-^'^{qt.e*) + X*^‘^'^{qfg)]gfnH,p. 

Tpe*qv pi 

9t^Sop' 

I (e* • 7?t)(e* • gt) - (e* • £)■)(?? ’ qt) gf^Sip 
+I (e* ■ g){qt ■ e*) + {qt ■ r?)(e* • e*) - ^{e* ■ g){e* ■ qt) 
+l[{qt ■ v){qt ■ e*){e* ■ qt) 

-y {gt- e*){e* ■ qt) + {e* ■ g){qt ■ e*) + (gt • ? 7 )(et • e*)j 

r 2 

Y -ierM- skrvo 5k rv i ^ 

'^OLlOL2 

Xlpaia^ 


e*“^et“" + e*“=er^ - |gt“^“^(e: • e*) 


„sl 

9t!}h, 


*ai 02 

^ g* 


1 r 

3 r 


*CXi *OC2 _ 1 _ 


+ e*“^gr - |gr“ngt • £*)] (e*-gt) 

{e*fe*)]q^} 


e* gSt 


9t!}Hip 


+/77aia2{2 et“'g“"(gt • e*) + gf'ep(gt • e*) - 2g“^g“=(et • e*) 


er^gr + <“^<7*“^ - 2gt“^“= (gt • e*) (e* • gt) 


*Q;i ^=*=02 


+ erer-2gr“=(e:-e*)]g?} 


I Vo 


tg02+ytgp_ at02(g*.g^) 


fyT2'*ffip’ 

p2 

9t^SoP 


+/gata2{gt“^gr(e* • gt) - f [gr^“=(e* • gt) + er^gf^ + q^er^] 


(A15) 

(A16) 

(A17) 

(A18) 

(A19) 

(A20) 

(A21) 

(A22) 

(A23) 

(A24) 

(A25) 


(A26) 

(A27) 


(A28) 


(A29) 
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+ p) — /?7aiQ2 


Oiie qv *Oi2 ^OLie. qv *Oi\ . Q;ia2 e e qv 

^ H ^ H ^yt ^ 


pi 

^T^Sip 


cnie e V 0-2 i ^Q!2e e . aie qv 0.2 i ^Q;2e 




^Tj'^Sip 


+/^aia.{e“^^*«>r(e* • qt) + e“=^*«>r(e* • 9*) 


' 5 L 


_Q;i€ qv * 0 L 2 i ^Q: 2 e giJ *Q:i I ^OL\e e v 0 L 2 i ^0:2^ e 


9t 


qt 


}5§s,p- 


(A30) 


Appendix B: The definitions of the p meson light-cone distribution amplitudes 

The definitions of the distribution amplitudes of the p meson used in the text read as [il[il 


\uiz)-ff,d{-z)\p (P,A)) = fpiTip 


s'- ’ ■ z 


Pt^- 


P-z 7o 

1 pW . z 

-Zpj -/ due'’^P'''g^{u,p^) 

‘ " Jo 


Jo 


2 ^{p-zr JO 

liz)-fp-f5d{-z)\p-{P,X)) = ^fpmp£p‘'°‘^e^llpazp duP^P'^g^^\u,p'^), 

- J±lPt^) [ duP^P'^p±{u,p'^) 

JO 


{z)appd{-z)\p (P,A)) = if 


- _ —m'^ I ,/2 

ip ■ zf ^ Jo 

2 pi 


+ {ppZv-PvZp)f—^ml I due’'^P'^h\f{u,pf 


+ [ duP^P'^hoiu,p^) 

z ^ p - z Jq 

]u{z)d{-z)\p-{P,X)) = -tfj{e^^'>z)ml f" duP^P-^h\^\u, p^). 

Jo 


(Bl) 


The distribution amplitude p\\ and p±_ are of twist-2, g^f \ g^f \ and are twist-3 and go, ho are twist-4. All 

functions f = {p\\, po_,g^f^ ,g'f\ 53 , ho} are normalized to satisfy fJdu (p(u) = 1. 

The 3-particle distribution amplitudes of the p meson are defined as [H, [T^ 

(0|u(z)pG^;,7a75d(-z)|p"(P, A)) = fpmpPalp^e^_^l - Ppe^^l]A(v,pz) 


3 • z I I ~ 

+ fp^P IPf^ffa^ -Pi'ffaul‘^(v,Pz) 


pz 

e(^) • z 


+ fpmp-^^^^^Pa[Pfj.Zu - p„Zp]'^{v,pz) 

\uiz)gGpA7ad(-z)\p~{P)) = fpmpPa[pue^ll-Ppe'llv(v,pz) 

g(A) . ^ 

+ fpml [Pti-gL - P^9a,j]^iv,pz) 

3e(^) • z 

+ /pWp Pa[PpZ„ - p,,Zp]'if{v,pz) 

e(^) • z 


{0\u{z)aapgGpuivz)d{-z)\p (P,A)) = /p [PaPpffp^ - PpPt^ga^ - PaP^gpp+PpPugap]T{v,pz) 

+f'^ml[ppJllgj,,-ppe'llgf^-puJllgpp+p^Jllgip\T!f’{v,pz) 




+ '' ^ - ppppcf^zy - paPuefpZp + ppPvef^Zp\Tf^’ {v,pz) 


AA), 


AA). 


p(A), ^r^G)t 
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'’-[pocP^e^llzp -pi3Pt,e^llza - PaPue^llz0 + ppp^e^llza]T^'^\v,pz) , 
{0\u{z)gG^^{vz)d{-z)\p~{P,\)) = i/^ - e^^^p^]S'(w,pz), 

{0\u{z)igGf,^{vz)-f5d{-z)\p~{P,X)) = ifJml[e^llp^-e^llp^]S{v,pz). (B2) 

The distribution amplitudes A, V and P are of twist-3 and the other 3-particle distribution amplitudes are of twist-4. 


pz 



